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(54) High Average power fiber laser system with phase conjugation 



(57) A relatively high average power optical laser 
utilizes a diode pumped multi-mode dual-clad fiber am- 
plifier configured for double pass amplification to pro- 
vide a relatively higher average power than single mode 
fiber amplifiers. In order to compensate for mode scram- 
bling and depolarization from the multi-mode fiber am- 
plifier, the output beam from the multi-mode fiber ampli- 
fier is applied to a vector phase conjugator after a single 
pass through the amplifier and reflected back into the 



amplifier. The vector phase conjugator conjugates the 
electric field amplitude, phase and polarization and re- 
flects a conjugate wave back into the multi-mode fiber 
amplifier in a reverse direction. The propagation of the 
conjugate wave through the amplifier unscrambles 
mode mixing and restores the beam back to its original 
polarization state. A Faraday rotator and polarization 
beam splitter are used to outcouple an output beam after 
the second pass through the multi-mode fiber amplifier. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 5 

[0001] The present invention relates to a high-aver- 
age-power fiber laser system which utilizes a multi- 
mode dual-clad fiber amplifier in order to generate a 
higher average power which includes compensation for 10 
undesirable multiple modes by way of phase conjuga- 
tion. 

2. Description of the Prior Art 

15 

[0002] High power laser weapon systems are gener- 
ally known in the art. An example of such a high power 
laser system is disclosed in commonly owned U.S. Pat- 
ent No. 5,198,607. Such laser weapon systems normal- 
ly include a high power laser weapon and a tracking sys- 
tem for locking the high power laser on a target, such 
as a ballistic missile, cruise missile, bomber or the like. 
Such laser weapons are used to destroy or "kill" such 
targets. 

[0003] Such laser weapon systems are known to em- 
ploy relatively large chemical lasers. However, such 
chemical lasers have several drawbacks. For example, 
such chemical lasers are relatively bulky and relatively 
inefficient and require highly reactive chemical fuels. As 
such, a need has developed to provide relatively effi- 
cient compact laser weapons. Although such known fib- 
er laser systems are relatively compact and efficient, 
such fiber lasers have heretofore had insufficient power 
output for use in laser weapon systems. More particu- 
larly, such fiber lasers are known to include a single 
mode dual^clad optical fiber. More particularly, the opti- 
cal fiber includes a core, for example, formed from Si0 2 
and doped with a rare earth metal, such as, Yb or Nd, 
Er or other rare earth ions. The doped core is clad by 
two different cladding layers having different indices of 
refraction to cause the total internal reflection of the light 
within the optic fiber to form a single mode fiber. Exam- 
ples of such optical fibers used for fiber laser are dis- 
closed in U.S. Patent Nos. 4,815,079; 5,087,108; 
5,218,665; 5,291,501; 5,461,692; 5,530,709; and 
5,566,196. Such fiber lasers are known to be diode 
pumped and generate relatively low average power lev- 
els, for example, up to 50 watts, which is limited by op- 
tically induced damage in the small single-mode core. 
Unfortunately, such relatively low power levels of fiber 
lasers have made them unsuitable for some applica- 
tions including defense applications. 
[0004] Various attempts have been made to increase 
the average power output of such fiber lasers. Examples 
of such attempts are disclosed in U.S. Patent Nos. 
5,121,460 and 5,373,576. Such attempts generally in- 
volve the use of relatively complex optical fibers. For ex- 
ample, the '460 patent teaches the use of an optical fiber 



having a neodymium doped primary core surrounded by 
a first elliptically shaped multi-mode cladding of fused 
silica. A samarium doped secondary core is formed 
around the primary core within the first layer of cladding. 
The secondary core is utilized for suppressing higher 
order modes. 

[0005] The '576 patent also discloses the use of a rel- 
atively complex high average power optical fiber. More 
particularly, the '576 patent discloses an optical fiber 
formed, with a doped core surrounded by a first multi- 
mode cladding layer formed from, for example, fused 
silica. A second cladding layer is formed around the first 
cladding layer and formed from a cross-link polymeric 
material having a liquid component, The optical fibers 
disclosed in the *460 and '576 patents are relatively com- 
plex. Thus, there is a need for a relatively high average 
power fiber laser that utilizes relatively less complex op- 
tical fibers than known systems. 

SUMMARY OF THE INVENTION 

[0006] In particular, the present invention relates to a 
relatively high average power optical laser which utilizes 
a diode pumped multi-mode dual-clad fiber amplifier, 
configured for double pass amplification, with a single- 
mode input beam from an oscillator. In order to compen- 
sate for mode scrambling and depolarization of the input 
beam in the multi-mode fiber amplifier, the amplified 
beam existing from the multi-mode fiber amplifier after 
the first pass is coupled to a vector phase conjugator 
and reflected back into the amplifier. The vector phase 
conjugator conjugates the electric field amplitude, 
phase and polarization and reflects the conjugate wave 
back into the multi-mode fiber amplifier in a reverse di- 
rection during the second pass. The conjugated beam 
unscrambles the mode mixing and restores the polari- 
zation to the input polarization state. A Faraday rotator 
and polarization beam splitter are used to outcouple the 
output beam from the fiber laser after the second pass 
through multi-mode fiber amplifier. 

DESCRIPTION OF THE DRAWINGS 

[0007] These and other advantages of the present in- 
vention will be readily understood with reference to the 
following specification and attached drawing wherein: 
[0008] FIG. 1 is a block diagram of the high average 
power fiber laser system with phase conjugation in ac- 
cordance with the present invention. 
[0009] Fl G . 2 is a block diagram of a known four-wave 
mixing device, which may be used to for vector phase 
conjugation in the block diagram illustrated in FIG. 1. 
[0010] FIG. 3 is an exemplary four-wave mixing de- 
vice suitable for use with the present invention. 
[0011] FIG. 4 is an alternative four-wave mixing de- 
vice suitable for use with the present invention. 
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DETAILED DESCRIPTION 

[001 2] The present invention relates to a high average 
power fiber laser system as illustrated in FIG. 1 and gen- 
erally identified with the reference numeral 20. In order 5 
to generate higher average power, a multi-mode dual- 
clad fiber amplifier is utilized. Such multi-mode dual-clad 
fiber amplifiers are known to generate higher average 
power than single mode fiber amplifiers because of a 
larger core diameter. However, such multi-mode ampli- 10 
fiers have not been heretofore known to be used in such 
fiber lasers due to the relatively poor beam quality and 
large divergence due to mode scrambling and depolari- 
zation. In accordance with the present invention, in or- 
der to compensate for mode scrambling and depolari- *5 
zation in the multi-mode dual-clad fiber amplifier, the 
output beam from the multi-mode amplifier is coupled to 
a vector phase con jugator which conjugates the incident 
electric field amplitude, phase and polarization. The 
conjugated beam is reflected back through the multi- 20 
mode amplifier in a second pass which restores the 
mode and polarization back to the input state. As such, 
the fiber laser system 20 in accordance with the present 
invention is adapted to provide relatively higher average 
power than fiber laser systems which utilize single mode 25 
fiber amplifiers, while producing good beam quality and 
low divergence comparable to those of the single-mode 
fiber lasers. 

[001 3] The fiber laser system 20 includes a master os- 
cillator 22, a polarization beam splitter 24, a Faraday 
rotator 26, a diode pumped multi-mode dual-clad fiber 
amplifier 28, and a plurality of collimators 32, 34 and 36. 
The master oscillator 22 generates a primary laser sig- 
nal which may be collimated by the collimators 32 and 
34 for applying a relatively low divergence input beam 
to the multi-mode dual-clad fiber amplifier 28. The multi- 
mode fiber amplifier 28 amplifies the primary laser sig- 
nal. The polarization beam splitter 24 and the Faraday 
rotator 26 act as an optical isolator for passing input 
beams from the master oscillator 22 to the fiber amplifier 
28 and blocking reflection of these beams back to the 
master oscillator 22. More particularly, input beams gen- 
erated by the master oscillator 22 are passed through 
the polarization beam splitter 24 by way of the collimator 
32 and directed through the Faraday rotator 26. The out- 
put beam from the Faraday rotator 26 is directed to the 
multi-mode fiber amplifier 28 and the vector phase con- 
jugator 30 by way of the collimators 34 and 36. As will 
be discussed in more detail below, the vector phase con- 
jugator 30 reflects a portion of the incident light beam 
from the multi-mode fiber amplifier 28 and back through 
the multi-mode fiber amplifier 28 in a reverse direction. 
The Faraday rotator 26 and polarization beam splitter 
24 enable this reflected beam to be outcoupled as an 
output beam 38 while isolating the reflected beam from 
the master oscillator 22. Other optical isolators may also 
be used. 

[001 4] An important aspect of the invention relates to 



the vector phase conjugator 30. As mentioned above, 
the vector phase conjugator 30 reflects a portion of its 
input beam back through the multi-mode fiber amplifier 
28 forming a double pass configuration. The conjugate 
wave is reflected back along the same path as the output 
beam from the multi-mode amplifier in order to compen- 
sate for the undesirable effects of the multi-mode am- 
plifier 28, such as mode scrambling and depolarization 
which normally result in poor beam quality and highly 
divergent output beam. More particularly, phase conju- 
gation 30 is known to correct for phase errors as well as 
errors in the optical mode by generating a conjugate sig- 
nal which is transmitted back along the same optical 
path as the input signal. By compensating for the unde- 
sirable effects of the multi-mode amplifier 28, the fiber 
laser system 20 is able to provide relatively higher av- 
erage power fiber laser than heretofore known with sin- 
gle mode fiber lasers. 

[001 5] In general, optical phase conjugation is a proc- 
ess in which the propagation direction and relative 
phase of the optical signal is reversed so that it exactly 
retraces its path. Various types of devices are suitable 
for use as the vector phase conjugator 30. For example, 
four-wave mixing devices are known to provide vector 
phase conjugation. Such four-wave mixing devices are 
discussed in detail in "A Review of the Brillouin En- 
hanced Four-Wave Mixing", by A.M. Scott, et aL, IEEE 
Journal of Quantum Electronics, vol. 25, no. 3, March 
1989, pp. 438-459; "Correction of Optical Path Differ- 
ences Using Phase Conjugation and Single Mode Diode 
Lasers", by FG. Patterson and J.C. Brock, Optics Let- 
ters, vol. 16, no. 17, pp. 13-24, 1991; "Phase Conjuga- 
tion by Saturable Gain Degenerate Four-Wave Mixing 
in Solid State Laser Media", by Brignon, et al. SPIE, vol. 
2771 , pp. 64-74, 1 996; "Four-Wave Mixing: Applications 
Both to Fundamental Research and Fulltonics Technol- 
ogy", by Prasad, SPIE, Critical Reviews, vol. CR609, pp. 
2342, 1997, all hereby incorporated by reference. 
[0016] FIG. 2 illustrates a block diagram of a four- 
wave mixing device 32. As shown, three input waves 
E p , E p * and E s are directed to a medium with a non- 
linear response. The three input waves are mixed to 
form a fourth wave E c , which is radiated from the medi- 
um with a frequency and direction determined by the fre- 
quency and the propagation direction of the input wave 
E s . As shown in FIG. 2, the waves E p , E p * are two coun- 
ter-propagating, plane-wave pumps while the wave E s 
is an input wave. As long as the plane-wave pumps E p 
and E p * are phase conjugates of one another, the re- 
sulting output wave E c will be a phase conjugate of the 
input wave E s . 

[0017] FIG. 3 illustrates an exemplary four-wave mix- 
ing device suitable for use as the vector phase conjuga- 
tor 30. As shown in FIG. 3, the four-wave mixing device 
30 includes a pump laser 40 and a four-wave mixing me- 
dia 42, which may be a non-linear optical device, such 
as disclosed in; "A Review of Brillouin Enhanced Four- 
Wave Mixing", supra, hereby incorporated by reference. 
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[0018] The four-wave mixing device 30, illustrated in 
FIGS. 2, 3, and 4 is merely exemplary. Any device which 
provides a phase conjugate of the input signal is suitable 
for use as the vector phase conjugator 30, provided that 
both polarization components are conjugated in phase. 
All such devices are considered to be within the broad 
scope of the invention. 

[0019] Referring to FIGS. 1 and 3, the output beam 
from the multi-mode fiber amplifier 28 is collimated by 
the collimator 36 to provide a relatively low divergence 
input beams E s . The output beam E c from the four wave 
mixing device 30 is a phase conjugate of the input beam 
E s from the multi-mode amplifier 28. The phase conju- 
gate beam E c propagates backwards along the same 
optical path as the input beam E s from the multi-mode 
fiber amplifier 28. As mentioned above, the propagation 
of the phase conjugate beam E c along the same optical 
path as the beam E s from the multi-mode fiber amplifier 
28 corrects for phase errors as well as errors in the op- 
tical mode of the output beam from the multi-mode fiber 
amplifier 28. By compensating from such errors, the 
multi-mode fiber amplifier 28 with a relatively large core 
diameter can generate a relatively higher power aver- 
age at the same intensity while maintaining the relatively 
high beam quality of a single mode fiber. 
[0020] As compared to a bundle of single-mode fibers 
with the same total power, the multi-mode fiber amplifier 
28 with compensation in accordance with the present 
invention has relatively lower complexity, weight, vol- 
ume and cost advantage. There are other advantages 
in using multi-mode fiber amplifiers. For example, such 
multi-mode fibers are known to have relatively larger 
cores than single mode fibers. The larger cores of such 
multi-mode fibers increases the pump light efficiency in 
a shorter fiber length making the system relatively more 
compact. In addition, the pump cladding region in such 
multi-mode fibers can be made relatively larger than sin- 
gle mode fibers to facilitate pump coupling at the ends 
of the fiber. 

[0021] The master oscillator 22 may include from a 
single mode fiber laser a total reflector and a outcoupler 
mirror. Such single master oscillators are well known in 
the art. An example of a suitable master oscillator is 
available as a product, manufactured by IRE POLUS, 
SDL, and Polaroid Corporation. 
[0022] The multi-mode fiber amplifier 28 may be a di- 
ode-pumped multi-mode dual-clad fiber amplifier. An 
example of a suitable multi-mode fiber amplifier 28 uses 
a geometry similar to that used for single-mode dual- 
clad fiber amplifier, except that the small single-mode 
core is replaced by a larger core. Such fibers can be 
made by the same fabrication techniques, but so far they 
have not been produced commercially as high-power 
fiber lasers. 

[0023] Obviously, many modifications and variations 
of the present invention are possible in light of the above 
teachings. Thus, it is to be understood that, within the 
scope of the appended claims, the invention may be 
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practiced otherwise than as specifically described 
above. 



s Claims 

1. A fiber laser system comprising: 

a master oscillator for generating a primary la- 
io ser signal; 

a multi-mode fiber amplifier for amplifying said 
primary laser signal, and providing an amplified 
output signal in a first pass through said ampli- 
fier. 

*s a phase conjugator, coupled to said multi-mode 

amplifier, for providing a vector conjugate of the 
amplified output signal, which is reflected back 
through said multi-mode fiber amplifier defining 
a reflected conjugate signal in a second pass 

20 through said amplifier; and 

an optical isolator for isolating said reflected 
conjugate signal from said master oscillator, 
thereby providing an output signal. 

25 2. The fiber laser system as recited in claim 1 , wherein 
said phase conjugator includes a four wave mixing 
device. 

3. The fiber laser system as recited in claim 1 , further 
30 including one or more first collimators between said 
master oscillator and said multi-mode fiber amplifier 
to provide a relatively low divergence input beam to 
said multi-mode fiber amplifier. 

35 4. The fiber laser system as recited in claim 3, further 
including one or more second collimators disposed 
between said multi-mode fiber amplifier and said 
phase conjugator. 

40 5. The fiber laser system as recited in claim 1 . wherein 
said optical isolator includes a polarization beam 
splitter and a Faraday rotator. 

6. The fiber laser system as recited in claim 5, wherein 
45 said polarization beam splitter and said Faraday ro- 
tator are disposed between said master oscillator 
and said multi-mode fiber amplifier. 

7. The fiber laser system as recited in claim 1 , wherein 
50 said master oscillator includes a single-mode fiber 

laser. 

8. The fiber laser system as recited in claim 1 , wherein 
said multi-mode fiber amplifier is diode pumped. 

55 

9. A fiber laser system comprising: 

first generating means for generating a primary 
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laser signal; 

means for amplifying said primary laser signal, 
defining an amplified signal; and 
second generating means for generating a 
phase conjugate of said amplified signal defin- 5 
ing a phase conjugate signal and reflecting said 
phase conjugate signal back through said am- 
plifying means, said reflected signal forming 
said output signal. 

10 

1 0. The fiber laser system as recited in claim 9, wherein 
said amplifying means includes a multi-mode fiber 
amplifier. 

1 1 . The fiber laser system as recited in claim 9, wherein ?5 
said first generating means includes a master oscil- 
lator. 

12. The fiber laser system as recited in claim 1 1 , where- 
in said master oscillator includes a single-mode fib- 20 
er laser. 

13. The fiber laser system as recited in claim 9, wherein 
said second generating means includes a four- 
wave mixing device. 25 

14. A method for generating a relatively high average 
power laser signal, the method comprising the 
steps of: 

30 

(a) generating a primary laser signal; 

(b) amplifying said primary laser signal with a 
multi-mode fiber amplifier, defining an amplified 
signal; and 

(c) phase conjugating said amplified signal 35 
forming a conjugated signal and reflecting said 
conjugated signal back through said multi- 
mode fiber amplifier. 

15. The method as recited in claim 14, wherein said pri- 40 
mary laser signal is generated by a master oscilla- 
tor. 

16. The method as recited in claim 15, further including 

the steps of isolating said conjugated signal from 45 
said master oscillator. 

17. The method as recited in claim 14, further including 
the step of collimating the primary laser signal. 

so 

18. The method as recited in claim 14, further including 
the step of collimating said amplified signal. 

19. The method as recited in claim 1 6, wherein said iso- 
lating is done by way of polarization beam splitter 55 
and a Faraday rotator. 
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(54) High Average power fiber laser system with phase conjugation 



(57) A relatively high average power optical laser 
utilizes a diode pumped multi-mode dual-clad fiber am- 
plifier configured for double pass amplification to pro- 
vide a relatively higher average power than single mode 
fiber amplifiers. In order to compensate for mode scram- 
bling and depolarization from the multi-mode fiber am- 
plifier, the output beam from the multi-mode fiber ampli- 
fier is applied to a vector phase conjugator after a single 
pass through the amplifier and reflected back into the 



amplifier. The vector phase conjugator conjugates the 
electric field amplitude, phase and polarization and re- 
flects a conjugate wave back into the multi-mode fiber 
amplifier in a reverse direction. The propagation of the 
conjugate wave through the amplifier unscrambles 
mode mixing and restores the beam back to its original 
polarization state. A Faraday rotator and polarization 
beam splitter are usedtooutcouple an output beam after 
the second pass through the multi-mode fiber amplifier. 
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